Abstract
Background
The global burden of malaria is still alarming despite wide spread use of anti-malarial drugs, treated bed nets and indoor residual spraying. In 2014, 3.3 billion people were still at risk of malaria infection and 584,000 people died of malaria in 2013 [1] . Unfortunately, there is no licensed vaccine against malaria approved by World Health Organization. Evidence for the feasibility of a malaria vaccine involving an antibody response stems from the fact that passive transfer of hyperimmune serum or purified immunoglobulins from people with life-long exposure to endemic malaria has been shown to decrease blood stage parasitaemia and resolve symptoms in malaria patients [2, 3] . Decades of research in the pregenomic era using diverse approaches led to the identification of a handful of antigens implicated in immunity to malaria as vaccine candidates [4] . The arrival of the postgenomic era has given rise to immunomics, which offers a rational and systematic approach to vaccine target selection [4] . However, there remains no efficient method or algorithm to effectively analyse genomic, proteomic, and transcriptomic data, and to select which antigens are essential for protective immune response [4] . It has been shown that lineage-specific genes, formerly called orphan genes, are mostly putative surface antigens, rich in signal peptides and transmembrane domains, and are probably important in Plasmodium adaptation to its host [5] . Consequently these proteins are a source of potential vaccine targets, however this hypothesis needs to be validated for exploitation in rational vaccine design.
Current malaria vaccine candidates in clinical trials face the serious problem of being polymorphic [6] . To address this problem, the next generation of vaccines will probably be composed of chimeric molecules, or a combination of conserved proteins capable of eliciting protective immune responses against Plasmodium falciparum. Naturally acquired immunity to malaria is known to increase with age and duration of stay in an endemic region [7] . Children below 5 years of age, have mostly no naturally acquired immunity to malaria [7] and, therefore, account for the highest number of victims of malaria morbidity and mortality [1] . Thus, it is logical that serum antibodies from adults in an endemic region will recognize protein fragments involved in naturally acquired immunity to malaria relative to those observed in children. Cytophilic antibodies have been shown to positively correlate with protection from severe clinical manifestation of malaria [8] by opsonization [9] . Thus, a protein fragment involved in naturally acquired immunity to malaria will preferentially elicit cytophilic antibodies in healthy adults who demonstrate a lesser frequency of clinical malaria episodes, than in malaria patients. Previous work showed that total IgG and cytophilic antibodies to crude P. falciparum extract were significantly higher in adults than in children among inhabitants of Bolifamba, Cameroon [10] . In that study, it was proposed that peptides could be used to investigate this response. The current work specifically tests this hypothesis.
During P. falciparum infection, repeated cycles of parasite invasion of red blood cells (RBCs) quickly amplify blood-stage parasite load and aggravate malaria symptoms. EBA-175 is an antigen involved in merozoite invasion of RBCs which is known to bind to glycophorin A on human erythrocytes during the invasion process [11] . EBA-175 is a leading vaccine candidate and naturally produced antibodies to this antigen are predominantly cytophilic, and have been shown to correlate with protection from malaria [12, 13] . However, a study carried out in a cohort of Gambian children showed that naturally occuring total IgG and cytophilic IgG to EBA-175, measured prior to the malaria season, were not associated with protection during the malaria season [14] . In Cameroon, adults living in a malaria endemic village in Kumba (South West region) were shown to mount a very strong immune response to EBA, even higher than that of their counterparts in Brazil [15] . However, the age dependent nature of this immune response has not been demonstrated and correlation to parasite load has not been studied among Cameroonians. This study seeks to identify novel protective B-cell epitopes, and compare them to the leading vaccine candidate EBA-175.
Methods

Study area and participants
Blood samples used in this study were collected from Bolifamba, a malaria endemic locality on the eastern slope of Mount Cameroon, as reported in previous studies [16, 17] . The samples were collected between March and November 2014, from four groups of participants: 30 sick and 30 healthy children who were 5 years old or less, but not less than 1 year old, and 29 sick (who had one or more episodes of malaria within the past 1 year) and malaria. A pipeline has been developed for rapid identification of other B-cell epitopes involved in naturally acquired immunity.
Keywords: Natural acquired immunity, Lineage-specific, Hypothetical genes, EBA-175, Duration of stay, Malaria, Cameroon 28 healthy adults (who had not had malaria for at least a year) and were more than 14 years old. Sick participants were inhabitants of Bolifamba who were seeking medical attention for malaria at the Bolifamba Health Centre. Consenting participants from this group, were recruited into the study if they were within the age ranges, were diagnosed positive for malaria and had fever (temperature >37.5 °C). The healthy children and adult controls enrolled were randomly selected participants from the Bolifamba community, who were malaria negative by microscopy and had temperature ≤37.5, with an added criterion of admitting only adults who had not had malaria for at least a year. Information on the age, duration of stay in the community, and the last malaria episode was obtained from the adult participants.
Ethical statement
The study was approved by the University of Buea Faculty of Health Sciences-Institutional Review Board, reference number 2013/144/UB/FHS/IRB. Administrative clearance was obtained from Ministry of Public Health Regional Delegation for the South West, reference number R11/MPH/SWR/RDPH/PS/108/263. All the participants who took part in the study were informed about the purpose of the study and signed the informed consent form. Consent of minors was obtained from their parents or guardians.
Blood sample collection
Two ml of venous blood was collected from each participant and serum extracted from the blood was stored at −20 °C in 50 % glycerol, until used. Thick blood film smears were made on slides, air-dried and stained with 5 % Giemsa for quantification of parasite load by microscopy with the ×100 (oil immersion) objective.
Bioinformatics
The study design shown in Fig. 1 , was implemented as follows. The rainbow table reference list of global malaria vaccine projects was downloaded from the WHO website [18] and the research articles were visually scanned to obtain the PlasmoDB (version 9.3) gene IDs of the vaccine candidates, or the gene name was used in a search of PlasmoDB version 9.3 website [19] to obtain the gene IDs. This yielded a set of 22 genes. Each of these genes was then searched in the species relationship cladogram from DeBarry and Kissinger, 2011 [20] using the annotated protein-encoding genes of 12 apicomplexan species, to identify orthologous groups of genes (Fig. 2) . In essence, orthologous gene clusters of all protein-encoding genes in twelve apicomplexan species were identified by a combination of WU-BLAST (version 2.2.6, E-value cutoff of 1 × 10
) [21] for an all-by-all BLASTp similarity search and OrthoMCL (version 1.4) [22] with default parameters. The analysis was carried out on the University of Georgia rcluster and the output was parsed using customized PERL scripts. Orthologous clusters were searched to identify 155 single copy genes with evolutionary profiles similar to the 22 candidates. Of these, a sample of 10 was selected for further analysis. The genes encoding proteins with features similar to vaccine candidates (presence of transmembrane domain, and/or signal peptide), are annotated as part of the plasma-membrane, have no known B or T-cell epitopes, and have massspectrometry evidence of the existence of the protein as revealed by PlasmoDB version 9.3 [19] .
The set of 10 genes was then assessed for B-cell epitopes. The Bepipred Linear Epitope Prediction method in Immune Epitope Data Base (IEDB) makes use of hidden Markov model and a propensity scale was used to predict B-cell epitopes on the selected protein sequences [23] . Only the region with the maximum probability of containing a B-cell epitope was selected. The presence of B-cell epitopes in the selected region was confirmed using Parker Hydrophilicity Prediction [24] , Karplus and Schulz flexibility scale [25] , Emini surface accessibility scale [26] , and Chou and Fasman beta turn prediction [27] , with progressive expansion of the predicted region to a maximum of 30 amino acids based on the output of the confirmatory methods in the prediction of the extent of B-cell epitopes on the selected region. The selected peptide sequences were synthesized by GL Biochem, Shanghai, China, at a purity of greater than 95 %. Upon arrival, the peptides were reconstituted to a concentration of 1 mg/mL in PBS containing 0.03 % of sodium azide and stored in aliquots of 50 μL at −20 °C until used.
Measurement of antigen-specific antibody responses
Checkerboard titration was used to determine the working antigen concentration and serum dilution for each antigen prior to screening of the entire serum sample collection. The vaccine candidate EBA-175 was obtained through MR4/BEI Resources, NIAID, NIH: EBA-175 RII-NG, MRA-1162, and used at a concentration of 4 μg/mL in carbonate buffer, pH 9.6 to coat 96-well, flat bottom, high-binding polystyrene ELISA plates (Costar, Corning Incorporated, Corning, NY) with 100 μL/well, overnight (18 h) at 4 °C. Blocking was done with 0.2 % casein in PBS-Tween20 (0.05 %) at 200 μL/well for 1.5 h at room temperature. Washing was performed three times between each step using PBS-T, followed by incubation with serum in duplicate at 1:100 dilution in 1 % non-fat skimmed milk-PBS-T at 37 °C. Total IgG antibodies to EBA175 was detected by incubation with 1:10,000 dilution of goat-anti-human IgG (Fc specific)-peroxidase (Sigma-Aldrich, St. Louis, MO) in 1 % non-fat skimmed milk-PBS-T for 1.5 h at room temperature. Plates were developed in the dark with 1 mg/mL o-phenylene diamine (Sigma-Aldrich, St. Louis, MO) in 70 mM citrate-phosphate buffer, pH 4.2 containing H 2 O 2 for 30 min in the dark and the optical density was read at 450 nm with an Emax Precision Microplate ELISA reader (Molecular Devices, California, USA). Five European naïve sera were included in the experiments as negative controls.
Cytophilic antibodies (IgG1 and IgG3) are important mediators of malaria parasite clearance in humans [28] . IgG1 and IgG3 were measured using the same procedure as above, at a serum dilution of 1:40. Subclasses IgG1 and IgG3 to EBA 175 were detected by incubation with monoclonal mouse anti-human IgG1 and monoclonal mouse anti-human IgG3 antibodies (Sigma-Aldrich, St. Louis, MO), respectively at 1:10,000 dilution for 2.5 h at room temperature, followed by incubation with 1:3000 dilution of anti-mouse IgG (Fab)-Peroxidase (Sigma-Aldrich, St. Louis, MO) at room temperature for 1.5 h. Both monoclonal mouse anti-human IgG1, IgG3 and anti-mouse IgG (Fab)-Peroxidase were diluted in 1 % skimmed milk-PBS-T.
The peptide ELISA was carried out using the same procedure as above, with some modifications. Coating was done with 4 μg/mL of peptide in carbonate buffer, at 37 °C overnight, while the ELISA plates were being rotated at 2.8 rpm using an adapted device placed inside the incubator (Heraeus, Hanau, Germany). Blocking was performed for 1 h using 150 μL of 0.2 % casein in PBS-T. Serum was diluted at 1:50 in 1 % nonfat skimmed milk-PBS-T and incubated for 2 h 20 min at 37 °C. The procedure for measurement of IgG1 and IgG3 antibody subclasses to the peptides were as in the measurement of EBA-175 IgG1 and IgG3 antibody subclasses with the same modifications as in measurement of total antibodies to the peptides, and the serum was used at 1:30 dilution. All peptides that did not show an antigen concentration dependent and serum dilution dependent optical density during the checkerboard titration were eliminated from the ELISA experiments.
Statistical analysis
The data were analysed using IBM SPSS statistics version 21.0. The Mann-Whitney U non-parametric test was used to compare differences in antibody responses between study groups and the Spearman's rank correlation test was used to test for significance of correlation between log of parasite load and antibody responses or duration of stay in Bolifamba. The data was graphically presented using SPSS and Microsoft Excel. 
Results
Bioinformatics
Evolutionary analysis of the vaccine candidates that have reached clinical trial showed that protective immunity to malaria was strongly genus-and species-specific ( and/or annotation as part of plasma-membrane, a signal peptide and/or transmembrane domain) were identified. Of these, two genes were selected from the set of genes unique to P. falciparum, four from the set of genes unique to Plasmodium genus and four from the set of genes common to Plasmodium, Piroplasms, Toxoplasma and Neospora (Levels 6, 4 and 2, respectively, Table 1 ; Fig. 2 ) for a total of 10 genes, Table 2 . A search of each of these 10 protein sequences for the region with the highest probability of containing a B-cell epitope was performed using the Bipred algorithm which yielded results in a range of probability from 0.5 to 0.72. Among the 10 peptides synthesized from these proteins, two showed a concentration of peptide or serum dilution dependent response in the checkerboard titration (PF4-123 and PF4-143) and they were among the four proteins with the highest probability of containing B-cell epitopes of 0.7-0.72 (Table 2 ). Subsequent analyses were limited to PF4-123 and PF4-143 and the known vaccine candidate EBA-175 for comparison.
Differential total IgG responses to EBA-175, PF4-123 and PF4-143
Comparison of adults to children showed a strong agedependent response, with adults having significantly higher (p < 0.01) antibody responses for each of the three antigens (EBA-175, PF4-123 and PF4-143) (Fig. 3) . This age-dependent response was present for the subgroup of healthy participants, likewise sick participants (p < 0.01) with the exception of the antibody response amongst sick participants to PF4-123, which showed no significant difference between sick and healthy adults (p = 0.2). Total IgG response to EBA-175 was significantly higher in sick participants compared to healthy participants (p = 0.04), and was higher among sick children compared to healthy children (p = 0.04), but there was no
Table 2 Summary of information and bioinformatics analyses of the 10 selected peptides
Level is with respect to Fig. 2 significant difference between sick adults and healthy adults (p = 0.3). Total IgG to PF4-123 showed no significant difference between healthy and sick participants (p = 0.99). However, healthy adults had a significantly higher antibody response than sick adults (p = 0.04), contrary to what was obtained in the children's subgroup, where sick children had a significantly higher antibody response compared to healthy children (p = 0.03). Total IgG response to PF4-143 was not significantly associated with health status (p > 0.1) whether in adults or children.
Differential IgG1 antibody subclass response to EBA-175, PF4-123 and PF4-143
IgG1 subclass response to EBA-175 and PF4-123 was significantly higher in adults than in children (p < 0.01), likewise, they were significantly higher in healthy adults than in healthy children and in sick adults than in sick children (p < 0.05) (Fig. 4) . However, IgG1 subclass response to PF4-143 was not significantly different between adults and children (p = 0.1) or between healthy adults and healthy children (p = 0.50), but was significantly higher among sick adults compared to sick children (p = 0.047). IgG1 response to PF4-123 and PF4-143 were significantly higher in healthy participants than in sick participants (p < 0.01), likewise in healthy adults than in sick adults (p < 0.02) and in healthy children than in sick children (p < 0.02). Contrary to IgG1 response to EBA-175, which was significantly higher in sick participants than in healthy participants (p = 0.03), there was no significant difference between sick and healthy adults and between sick and healthy children.
Differential IgG3 antibody subclass response to EBA-175, PF4-123 and PF4-143
IgG3 subclass response to all three antigens (EBA-175, PF4-123, and PF4-143) was significantly higher in adults than in children (p < 0.02), and in healthy adults than in healthy children (p < 0.021) (Fig. 5) . However IgG3 subclass response to PF4-123 and PF4-143 was not significantly different between sick adults and sick children. IgG3 antibodies to EBA-175 were significantly higher among sick adults compared to sick children (p < 0.01).
IgG3 antibody subclass to EBA-175 was significantly higher in sick participants compared to healthy participants (p < 0.01) and in sick children compared to healthy children (p < 0.01), but there was no significant difference between sick adults and healthy adults. Contrary to EBA-175, PF4-143 was significantly higher in healthy participants, compared to sick participants (p = 0.013) and in healthy adults compared to sick adults (p = 0.023), however there was no significant difference between healthy and sick children. PF4-123 was not significantly different between healthy and sick participants, or between healthy children and sick children but it was significantly higher among healthy adults compared to sick adults (p < 0.01). 
Correlation of total antibody response to parasite load
Total IgG antibody response to all antigens (EBA-175, PF4-123 and PF4-143) had a negative correlation to increasing parasite load (Fig. 6) . Notably PF4-143 had the strongest negative correlation to increasing parasite load (p < 0.01) followed by PF4-123 (p < 0.05) and EBA-175 had the least negative correlation to parasite load, which was not significant (p = 0.276).
Duration of residency in Bolifamba
Generally, healthy adult participants in this study had lived for a significantly longer period of time in Bolifamba than sick adult participants (p < 0.001). Among the sick adults, duration of stay in Bolifamba negatively correlated with parasite load (p < 0.01, r = −0.419) (Fig. 7) .
Increasing duration of stay in Bolifamba had a positive correlation with antibody response for all three antigens (EBA-175, PF4-123 and PF4-143), however, only PF4-143 had a significant correlation to duration of stay in Bolifamba (p < 0.01, r = 0.361).
Discussion
Bioinformatics analysis of current vaccine candidates revealed that they are strongly species-specific. This is in agreement with results from the old practice of using induced malaria as a therapy for neurosyphilis, in which second and third inoculations with homologous or heterologous strains of the same species of Plasmodium led to reduced symptoms and decreased parasite density [29] . The genus-specific nature of protective immune response to vaccine candidates corroborates with the observation that orthologous proteins that were protective in P. falciparum were also protective in P. vivax [30] . This is an indication that vaccine research in malaria has been making progress in the right direction. However, limited success is being achieved because close to 50 % of the antigens, which have reached clinical trial are coded by species-specific genes. This group includes paralogous gene families, which introduce issues related to polymorphisms, as is the case with vaccine candidates currently under clinical trial [6] . The other ~50 % of vaccine candidates that are genus-specific, are comprised of antigens from paralogous gene families such as the erythrocyte binding family (e.g. EBA-175), merozoite surface protein family (e.g. MSP1) and others. These also contain polymorphism issues. This study was limited to unknown, single-copy antigens, with similar properties and evolutionary relationships as current vaccine candidates and the data suggest that the two identified proteins (PF3D7_1233400, [PF4-123] and PF3D7_1437500, [PF4-143]) could be better vaccine candidates than EBA-175. In this study, there was no significant difference in the total IgG response to EBA-175, between sick adults and healthy adults. This is in agreement with previous work in Cameroon [15] . However, this work goes further to show that antibodies to EBA-175 are significantly higher in sick children when compared to healthy children. EBA-175, PF4-123, and PF4-143 all showed an age dependent response, in which adults had a significantly higher antibody response, compared to children, which is characteristic of naturally acquired immunity. The fact that PF4-123 and PF4-143 had no significant difference in total antibody IgG levels between sick and healthy participants and the significantly higher level of cytophilic antibodies (IgG1 and IgG3) in healthy participants, suggest that antibodies to these antigens are constitutively produced and may be necessary for the reduction of risk of contracting malaria in this geographical region. These immune responses are contrary to what obtained with EBA-175 where total IgG and cytophilic antibodies are significantly higher in sick participants when compared to healthy participants. The possible involvement of antibodies to PF4-123 and PF4-143 in protection against malaria is further buttressed by the significantly stronger negative correlation it had with parasite load. This is in agreement with the fact that antiparasite immunity confers protection against parasitaemia, which affects the density of parasite [7] . Total IgG to EBA-175 also showed a negative correlation to parasite load, but it was not significant. Thus, PF4-123 and PF4-143 may also be involved in anti-parasitic immunity to malaria.
The demonstration of possible malaria protective properties by antibodies to PF4-123 and PF4-143 in this study opens the gateway for assessing the feasibility of monoclonal antibody therapy to malaria. Likewise a cocktail of peptides which elicit protective antibodies to malaria might be used to immunize people and re-establish naturally acquired immunity to malaria, which is typically lost with progressive elimination of malaria in various localities [7] . This type of approach, if effective could avert the kind of catastrophic rebound of malaria that occurred in the highlands of Madagascar in the 1980s, in which more than 40,000 people lost their lives in malaria epidemics. Interventions in the Madagascar highlands to control the mosquito vector population had reduced exposure below a level capable of maintaining naturally acquired immunity and a collapse of epidemiological surveillance led to re-colonization by Anopheles funestus, which caused a series of malaria epidemics [31] . This work has also developed a pipeline to identify additional potentially protective B-cell epitopes against malaria. The approach can be applied to other infectious diseases.
Conclusions
This work has identified two genes PF3D7_1233400 and PF3D7_1437500, which encode peptide fragments containing B-cell epitopes, PF4-123 and PF4-143, respectively, that are involved in naturally acquired immunity to malaria.
